IL-33, a Potent Inducer of Adaptive Immunity to
T he IL-1 family of cytokines are extremely potent proinflammatory cytokines, able to influence a wide variety of cell types. They typically require posttranslational processing, using cellular proteases to cleave precursor forms to produce a mature cytokine. These cytokines, which include IL-1␣, IL-1␤, IL-1 receptor antagonist, and IL-18, play key roles in the rapid initial response to pathogen invasion; indeed, dysregulation of these cytokines and the resultant inflammatory cascade can have profound pathological effects (1, 2) . Recently, this family of cytokines has been extended; IL-33 is structurally closely related to IL-18, requires posttranslational processing, and binds the receptor complex consisting of the orphan IL-1R family member ST2 (3) and the IL-1R accessory protein (4) . ST2 is expressed on mast cells and Th2 cells (5, 6) and has been shown to play an important role in Th2 responses (7, 8) . IL-33 induces IgE-independent production of IL-13 from both human and mouse mast cells (9, 10) and can operate in coordination with the epithelial cell-restricted cytokine thymic stromal lymphopoietin (TSLP) 3 on mast cells to maximize Th2-associated cytokines and chemokine production (11) . Likewise, IL-33 has been described as a chemoattractant of Th2 cells (12) and as a potent inducer of these cells, enhancing IL-4, IL-13, and IL-5 production (3). Exogenous IL-33 also induces profound pathological changes in mucosal tissues, an effect thought to be dependent on IL-13 (3). Timely initiation of an effective Th2 response is essential to control extracellular intestinal helminths. Once established, this polarized immune response activates a battery of antiparasite measures, which radically alters the mucosal niche, ultimately allowing expulsion of a variety of different gut-dwelling pathogens (13) . The bridge, however, between the innate sensing of the invading extracellular parasite and the subsequent downstream generation of an adaptive Th2-polarized response is poorly defined.
In this study, we use the intestinal-dwelling nematode whipworm Trichuris muris, a well-studied natural infection model that closely mirrors the immunology associated with the human parasite Trichuris trichiura (13, 14) . Immunity to T. muris is critically dependent on a Th2-polarized response and associated cytokines IL-4 and IL-13 (15, 16) . In this study, we demonstrate IL-33 as a potential link between innate and adaptive immunity to intestinal parasite infection. We show IL-33 is produced very early during T. muris infection and an excess of this cytokine is a potent inducer of adaptive immunity to this parasite; also, we identify a T cell-independent role for IL-33 in the exacerbation of parasite-induced pathology. Taken together, these studies illustrate that IL-33 plays two independent roles in the context of an intestinal nematode infection, providing the initial impetus for Th2 polarization upon infection and at the site of infection acting as a T cell-independent proinflammatory cytokine, influencing the gut tissue inflammatory response to parasite invasion.
Materials and Methods

Expression and purification of IL-33
Mouse IL-33 cDNA was cloned from IL-1-stimulated murine fibroblasts by RT-PCR using specific primer pairs (5Ј-CGGATCCACTTCACTTT TAACACAGTC and 5Ј-GAGATCTTTAGATT TTCGAGAGCTTA). The sequence-confirmed IL-33 cDNA was inserted into expression vector pQE and fused with His-tag (Qiagen) before being transformed into Escherichia coli (M15 strain). IL-33 protein was induced by isopropyl ␤-D-thiogalactoside and purified by Ni-NTA affinity chromatography, followed by polymyxin B column to remove endotoxin. The purity of IL-33 was Ͼ95% and endotoxin levels were Ͻ0.01 eu/g protein (BioWhittaker Limulus Amebocyte Lysate QCL-1000 pyrogen testing). The bioactivity and specificity of the rIL-33 were confirmed by the ability of the proteins to induce IL-5 production using Th2 cells polarized from wild-type or ST2 Ϫ/Ϫ mice. 
Mice, parasites, and IL-33 treatment
Cell culture, Ab, and cytokine reagents
Mesenteric lymph nodes (MLN) were removed aseptically, and a single cell suspension was created in RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen Life Technologies). MLN cells at 5 ϫ 10 6 cells/ml were cultured with 50 g/ml T. muris ES Ag at 37°C for 24 h. Supernatants were assayed using a custom cytometric bead array kit (CBA) for IFN-␥, TNF-␣, IL-6, IL-10, IL-4, IL-13, and IL-9. IL-17 was measured by ELISA (BD Biosciences). Serum was assayed by ELISA for parasite-specific IgG1 and IgG2a, as described previously (18) . Briefly, 96-well plates were coated with 5 g/ml T. muris ES Ag and incubated with serial 2-fold diluted serum. Bound Ig was detected using biotinylated anti-murine IgG1 (AbD Serotec) and IgG2a (BD Biosciences).
Histology
Caecal tissue was fixed in 4% formaldehyde in PBS, paraffin embedded, sectioned at 5 m, and stained for intestinal goblet cells with periodic acid and Schiff's reagent (Sigma-Aldrich). Goblet cells were assessed by counting cell number per 20 crypt units, two sections per animal. Caecal crypt length and submucosa depth were measured using ImageJ analysis software (National Institutes of Health). Intestinal epithelial cell (IEC) homeostasis was assayed using BrdU to identify proliferating cells within the caecal epithelium. Mice were injected with 10 mg of BrdU 16 h before sacrifice, and nuclei that had incorporated BrdU in this time period were visualized using an anti-BrdU Ab (Mas 250b; Harlan Sera Laboratories), as described previously (19) . Sections were analyzed by noting the location of the highest BrdU-stained cell for each crypt; this was achieved by counting the number of cells up the crypt axis to the most luminal BrdU-stained cell; 40 crypts were counted per mouse.
FACS analysis
MLN cells were isolated, as described above. Before intracellular cytokine staining, these cells were first stimulated with ES parasite Ag for 4 h with 3 M monensin (Golgi Stop; BD Biosciences) for the final 2 h. These cells were then stained for surface CD4, fixed in 2% formaldehyde PBS, and permeabilized in 0.1% saponin (Sigma-Aldrich). Cytokines were stained for using anti-IFN-␥ (XMG1.2) and anti-IL-4 (11B11); 1.5 ϫ 10 5 cells were then acquired on a FACSCalibur. To identify NK cells in SCID mice, cells were surface stained for CD49b (DX5) (all BD Biosciences).
Quantitative PCR
Caecal tissue was snap frozen in TRIzol (Invitrogen Life Technologies), and mRNA was extracted as per instructions. cDNA was generated using an IMPROM-RT kit (Promega). ABsolute QPCR SYBR Green (ABgene) was used for quantitative PCR, and genes of interest were expressed relative to housekeeping gene hypoxanthine phosphoribosyltransferase (HPRT) as a fold difference to uninfected naive message levels (20) .
Statistics
Significant differences ( p Ͻ 0.05) between two experimental groups were determined using Student's t test.
Results
Caecal levels of IL-33 mRNA were elevated early during T. muris infection; exogenous IL-33 drives parasite expulsion and reduces infection-associated pathology
BALB/c mice are naturally resistant to T. muris with expulsion dependent on parasite-specific CD4 ϩ Th2 cells. IL-33 is considered a potent Th2-inducing cytokine (3); thus, we investigated whether T. muris infection in these resistant mice was associated with the production of IL-33 mRNA. By day 3 p.i., we observed a 20-fold increase over the naive baseline in caecal IL-33 mRNA levels, and by day 7 this had reduced to 5-fold (Fig. 1A) . These data suggest that early IL-33 generated at the site of infection could potentially orchestrate the subsequent T. muris-specific Th2 response; corroborating this, we were unable to detect IL-33 message levels above the naive baseline in infected susceptible AKR mice (data not shown).
T. muris given to susceptible mouse strains results in a chronic infection (21) , generating a polarized CD4 ϩ Th1 response to the parasite. This response is plastic and can be redirected; both IL-4 (15) and IL-13 (16) when given exogenously can induce Th2-driven resistance. To examine the role of the Th2-inducing cytokine IL-33 (3), susceptible AKR mice were infected with T. muris and treated with rIL-33. This cytokine was given early, as the parasite was establishing within the caecum (days Ϫ1 to 20 p.i.), thus assessing the ability of IL-33 to alter the initiation of a pathogen-specific T cell response.
IL-33-treated mice exhibited enhanced resistance to infection compared with control-treated mice. Mean worm burden was reduced by day 21 p.i., and by day 35 p.i. IL-33 had induced complete parasite expulsion (Fig. 1B) . Consistent with the ability of IL-33 to induce a mucosal goblet cell hyperplasia (3), infected treated mice demonstrated greater numbers of caecal goblet cells during infection (Fig. 1, C and D) , although this was restricted to the site of infection and not evident in the colon (data not shown). Interestingly, crypt length was reduced in the same animals, most likely due to T. muris-induced caecal pathology resolving as the parasite was expelled (Fig. 1, C and E) . These data indicate the presence of T. muris larvae within the caecal mucosa of resistant mice rapidly causes IL-33 mRNA synthesis and rIL-33 can induce host protection.
IL-33-induced expulsion of T. muris is associated with a parasite-specific Th2-polarized immune response
As demonstrated, IL-33 induces T. muris expulsion from normally susceptible AKR mice; in this study, we investigate whether there was a concurrent switch in T cell polarization. Parasite-specific MLN cytokine responses were profoundly altered. IFN-␥, TNF-␣, and IL-17 were reduced by IL-33 treatment, whereas IL-4, IL-13, and IL-9 were all elevated. IL-10, essential for regulating gut pathology (22) , was again reduced, also reflecting the resolving caecal pathology, and thus reduced requirement for regulation in treated mice ( Fig. 2A) . Furthermore, IL-33 treatment reduced the frequency of CD4 ϩ IFN-␥ ϩ cells and elevated the prevalence of 
CD4
ϩ IL-4 ϩ cells within the MLN (Fig. 2B) . Coincident with this was a switch in parasite-specific IgG isotypes, IL-33-increased IgG1 levels, and reduced IgG2a (Fig. 2C ). All these data are consistent with the ability of IL-33, if given at the initiation of the antiparasite response, to switch Th polarization from a Th1 to Th2 phenotype.
Exogenous IL-33 given in the context of a chronic T. muris infection fails to drive parasite expulsion
Clearly, IL-33 influences naive T cells at the initiation of a parasite-driven immune response; whether this effect extends to the redirection of an established T cell response remains to be elucidated. To address this, an established chronic T. muris infection was treated with IL-33 (days 35-49 p.i.). By this time, infection is typified by an ongoing regulated Th1 response and a patent selfsustaining parasite (23) .
Late treatment of IL-33 had no significant effect on T. muris worm burden. Both treated and control AKR mice maintained a chronic infection (Fig. 3A) . Despite this, IL-33 did increase the severity of infection-induced gut pathology. Crypt architecture became disrupted, leading to a reduction in crypt length (Fig. 3,  B and C) . Also, contrary to expectations, IL-33 reduced the number of caecal goblet cells (Fig. 3D) , and consistent with the elevated pathological response colonic submucosal lymphoid patches were formed (24) (Fig. 3B) . Thus, IL-33 is unable to induce resolution of a chronic intestinal nematode infection; however, in this context, the cytokine has a detrimental effect on the regulation of T. muris-induced caecal pathology.
IL-33 is unable to redirect an established polarized Th1 cell response, when given in the context of a chronic T. muris infection
As described, IL-33 fails to alter a chronic T. muris infection; in this study, we investigate whether the established Th1-polarized response associated with this prolonged infection was also unaltered by the presence of excess IL-33.
IL-33 treatment failed to influence the established Th1 response; IFN-␥ production by parasite Ag-restimulated MLN cells was unaltered, as was the frequency of CD4 ϩ IFN-␥ ϩ cells within the MLN (Fig. 4, A and B) . Production of other inflammatory cytokines such as TNF-␣, IL-6, and IL-17 was also not significantly altered by IL-33 treatment, whereas the low levels of Th2 cytokines IL-4, IL-13, and IL-9 were enhanced, as was the frequency of CD4 ϩ
IL-4
ϩ cells within the MLN (Fig. 4, A and B) . The subtle changes observed in T cell polarization were insufficient to alter the IgG class isotype; IL-33 had no significant effect on parasite-specific IgG1 and IgG2a levels (Fig. 4C) . Thus, despite the dominating Th1 response, IL-33 does enhance a low level parasite-specific Th2 response. Nevertheless, these IL-33-induced effects were unable to influence a committed Th1 immune response, and a chronic T. muris infection was maintained.
IL-33-driven expulsion of T. muris is T cell dependent, whereas infection-related pathological changes due to IL-33 were independent of adaptive immunity
As already stated, T cells, specifically Th2 cells, highly express the IL-33R ST2 and are therefore likely to be the principal cell type responding to exogenous IL-33. Thus, it seems reasonable in the absence of T cells that the IL-33-mediated effects would be abrogated. To test this, we infected immunodeficient (SCID) mice with T. muris and gave IL-33 early (days Ϫ1 to 20 p.i.) to alter initiation of any antiparasite response.
Unlike AKR mice (Fig. 1B) , the normal susceptible phenotype of SCID mice was unaltered by early exogenous IL-33, both treated and control groups maintaining a chronic infection through to day 35 p.i. (Fig. 5A ). Despite this, infection-associated pathology was influenced by IL-33. We again observed increased gut pathology and an associated reduction in goblet cells, as seen with late treatment of chronic infection in AKR mice. This was also reflected in a thicker caecal submucosa in IL-33-treated mice (Fig.  5 , B and C), due largely to infiltrating inflammatory cells migrating into the gut and greater collagen deposition (data not shown). Previous work demonstrates that accelerated caecal IEC turnover is sufficient to induce T. muris expulsion in SCID mice (25) . In light of these data, we sought to define whether exogenous IL-33 was altering IEC homeostasis. Using BrdU incorporation as an indicator of IEC division, it was clear that rate of new epithelium production was elevated in infected IL-33-treated mice, as indicated by the higher position of BrdU-stained cells along the crypt axis (Fig. 5, B and C) . Treatment also increased crypt length (Fig. 5C ), indicating greater proliferation at the base of the crypt was not matched by cell loss at the apex. Therefore, the rate of IEC turnover was not sufficiently elevated to expel the parasite, and a crypt hyperplasia occurred. IL-33-induced effects on goblet cells, crypt depth, submucosa depth, and epithelial cell turnover were dependent on parasite infection and not seen in naive SCID mice (Fig.  5B) . IL-33 effects in the absence of adaptive immunity were further demonstrated by an elevated MLN cellularity in infected IL-33-treated SCID mice, including an increase in (CD49b ϩ ) NK cells (Fig. 5D ). MLN cells from treated mice also produced more IFN-␥, although less TNF-␣ and IL-6 (Fig. 5E) ; Th2 cytokines were below the threshold of detection. These data indicate IL-33 requires T cells to induce T. muris expulsion; however, changes in infection-associated pathology and new IEC production (but not turnover) in immunodeficient mice suggest that IL-33 can act on caecal mucosa independently of T cells.
Caecal levels of TSLP mRNA were elevated during T. muris infection; exogenous IL-33 enhanced mRNA levels of both TSLP and TSLPR T. muris infection has been shown recently to induce I〉 kinase (IKK) catalytic regulation of NF-〉 activation (26) . These kinases are essential for responses to all known proinflammatory stimuli and are vital for the regulation of mucosal inflammation and establishment of immunity to T. muris (27) . What remains to be demonstrated is the signal that induces IECs to respond to the parasite in this manner. Obvious candidates are the proinflammatory cytokines of the IL-1 family because these cytokines use a signaling cascade that requires IKK-␤ phosphorylation (28) . Indeed, IL-33 signaling has been demonstrated to be very similar to that of IL-1␤ (3). To investigate whether IL-33 could initiate the appropriate response from IECs, we assayed for epithelial cellrestricted cytokine TSLP gene expression as a surrogate marker of IEC IKK-␤ activity. TSLP gene expression has previously been shown to be defective in T. muris-infected IEC cell-specific IKK-␤ null mice, and this influences susceptibility to infection (27) . In this study, we show that TSLP gene expression in resistant BALB/c mice reaches a peak on day 7 p.i. relative to naive (Fig.  6A) . Interestingly, the kinetics of TSLP expression lags that seen for IL-33 (Fig. 1A) , suggestive of a causal relationship. Again, as previously noted for IL-33, TSLP mRNA levels are not significantly altered from the naive baseline in the susceptible AKR mouse strain (data not shown). To establish whether this response was T cell dependent and inducible by exogenous IL-33, we investigated caecal TSLP and its receptor TSLPR mRNA levels in T. muris-infected SCID mice treated with IL-33. These data demonstrate TSLP and TSLPR gene expression are T cell independent and IL-33 can further significantly enhance TSLP levels and elevate TSLPR gene expression levels (Fig. 6B) . Therefore, this suggests IL-33 may also direct antiparasite Th2 immune responses via an indirect mechanism, using TSLP, a factor that has been shown to bias dendritic cells (DCs) to prime for Th2 polarization (27) .
Discussion
In this study, we describe a number of key findings furthering the understanding of IL-33 biology. First, administration of IL-33 alone is sufficient to drive host expulsion of a gastrointestinal parasitic nematode. Second, this enhancing of Th2-associated immunity must occur at the initiation of the antiparasite response. Third, IL-33 acts in a non-T cell manner to exacerbate pathogen-induced mucosal pathology, and finally, this cytokine can potentially influence DC priming via inducing the IEC-derived factor TSLP, again enhancing Th2 immune responses.
We demonstrate IL-33 is produced within the T. muris-infected caecum, and importantly, this occurs during the initial phase of parasite establishment. Epithelial cells have previously been identified as a primary source of IL-33 (3). Also, epithelial cells contributing to the cytokine milieu is not without precedence; indeed, T. muris-infected caecal epithelium has been demonstrated to innately produce factors associated with inflammation, such as IFN-␥, TNF-␣, and the chemokine CCL2 (29) . Because IL-33 is not secreted via the classical endoplasmic reticulum-Golgi route (3), release is likely to be limited to translocation of intracellular membranes (30) or the result of cell disruption. This is relevant to intestinal parasite infection because invading T. muris larvae generate syncitial tunnels within the caecal epithelium, and this process by its very nature causes cell damage (17) . Potentially, cell disruption could stimulate the observed IL-33 mRNA production and subsequent release. IL-33 production early during infection at the site where parasite Ag is sampled is likely to be a critical factor conditioning whether the resulting T cell response is Th2 biased and is thus responsible for initiating parasite expulsion.
It has previously been demonstrated that IL-33 and its receptor ST2 are fundamental to Th2-associated immunology. IL-33 alone can drive IL-4, IL-13, IL-5 production, eosinophilia, goblet hyperplasia, and high titers of IgE (3), whereas absence of the ST2 receptor reduces Th2-associated effector responses (7, 8) . Indeed, a recent study demonstrates that soluble ST2 antagonizes IL-33 activity (31) . In this study, we established in the context of a natural infection model that additional IL-33 was able to prevent a Th1 response and induce Th2-driven parasite expulsion. These data are reminiscent of those found with the related cytokine IL-1␣, with which IL-33 shares a high sequence and structural homology (3). In vitro cultured IL-1␣ null cells are unable to Th2 polarize; also like IL-33, IL-1␣ mRNA is rapidly induced in mice resistant to T. muris infection, and unlike wild-type littermates parasite-infected IL-1␣ null mice are unable to mount a protective Th2 response (32) . Thus, these sister cytokines are intimately involved with the generation and promotion of Th2-driven immune responses to gastrointestinal parasite infections. Indeed, within inflamed tissue, these related cytokines have dual activity functioning both extracellularly and as an intracrine factor regulating gene transcription (33, 34) . Suggesting IL-33 and IL-1␣ both influence the parasite driven inflammatory response, potentially within cells at the site of infection and remotely as mature soluble factors.
IL-33 can drive a naive host toward Th2 polarization and T. muris resistance; however, an established Th1 immune response is less amenable to IL-33 redirection. Interestingly, the archetypal Th2 cytokine IL-4 is sufficient to switch an established Th1 response and induce expulsion of a chronic T. muris infection (15) . The failure of IL-33 to emulate this suggests a different role for this cytokine. Unlike IL-4, which is a master controller of Th cell differentiation, IL-33 appears to play a more subtle directing role. At the initiation of an adaptive response, IL-33 amplifies Th2 responses, causing a subsequent Th2 bias; however, IL-33 appears ineffective at altering an established Th1 response. This apparent window of action perhaps reflects the availability of interactions with ST2, the IL-33R. ST2 is found primarily on Th2 cells (6, 35) , and is therefore rare in the context of a dominating Th1 response. Absence of this receptor will limit the effectiveness of exogenous IL-33. The observation that IL-33 alters infection-associated gut pathology even in the absence of a Th2 immune response alludes to an alternative modus operandi for this cytokine within mucosal tissues.
The inability of IL-33 to induce T. muris expulsion in SCID mice demonstrates IL-33 acts on T cells to alter a susceptible phenotype; however, within the caecal mucosa of these mice, we again observed an IL-33-driven increase in tissue pathology and new IEC production. The observed increase in IFN-␥ production from SCID MLN cells could account for this; indeed, IFN-␥ has previously been shown to regulate IEC proliferation in the context of T. muris infection (36) . Thus, elevated levels of IL-33 in SCID mice could be intensifying the infection-associated caecal pathology via IFN-␥. Indeed, these treated mice showed an elevation in NK cells within the MLN. These cells are a well-characterized source of IFN-␥ (37) and have previously been demonstrated in SCID mice to be responsible for the disruption of intestinal tissue architecture in the context of infection with the intestinal helminth Trichinella spiralis, although in this case via the cytokine IL-13 (38) . Whether IL-33's ability to alter inflamed tissue in a non-T cell manner and the direct effects this cytokine has on T cell polarization are functions that influence one another remains to be resolved.
The ability of IL-33 to enhance TSLP-induced responses from mature mast cells has recently been demonstrated (11) . We also find that these two factors can interact in a positive manner; in this study, we show excess IL-33 enhances TSLP production within the caecum. Because TSLP has been shown to reduce DC-derived IL-12/23p40 and thus promote Th2 polarization (27, 39) , it is conceivable that IL-33 can act via TSLP to promote Th2-driven immunity to T. muris infection.
This study identifies IL-33 as a potent driver of Th2 immunity to intestinal parasites, demonstrating it is a cytokine that is induced early at the site of infection or if administered at this critical time, will induce T. muris expulsion. Thus, potentially, IL-33 could be providing the initial innate signal of parasite invasion to the host, priming the adaptive immune system to make the appropriate Th2-biased response. We also identify a possible mechanism by which IL-33 acts: excess IL-33 induces TSLP, an IEC-derived factor that is critical for T. muris expulsion and conditioning DCs to potentiate a Th2 immune response (27) . IL-33 also plays a secondary T cell-independent role, exacerbating the pathology associated with a chronic infection, although the effects noted are dependent on time of assessment and the status of the host's ongoing immune response, suggesting IL-33 plays subtly different roles in different inflammatory environments. This is consistent with a recent study demonstrating IL-33 is strongly associated with chronically inflamed tissue from patients with rheumatoid arthritis and Crohn's disease (33) . Thus, these data support the concept that IL-33 is a dual function cytokine similar to IL-1␣ (40), able to act remotely as a Th2 proinflammatory cytokine and locally as an intracellular NF that influences the severity of tissue inflammation.
